a2 United States Patent

US009228974B2

(10) Patent No.: US 9,228,974 B2

Chang et al. (45) Date of Patent: *Jan. 5, 2016
(54) BIOSENSING WELL ARRAY BY (52) US.CL
SELF-ALIGNMENT AND SELECTIVE CPC ... GOIN 27/4145 (2013.01); YI10T 436/143333
ETCHING (2015.01)
(58) Field of Classification Search
(71) Applicant: Taiwan Semiconductor Manufacturing None
Company, Ltd., Hsin-Chu (TW) See application file for complete search history.
(72) Inventors: Yi-Hsien Chang, Shetou Township (56) References Cited
(TW); Wei-Cheng Shen, Tainan (TW);
Shih-Wei Lin, Taipei (TW); Chun-Ren U.S. PATENT DOCUMENTS
Cheng, Hsinchu (TW) 2012/0045368 Al* 22012 Hinzetal ... 422/69
(73) Assignee: Taiwan Semicondu.ctor Manufacturing FOREIGN PATENT DOCUMENTS
Company, Ltd., Hsin-Chu (TW)
WO W02012152308 * 11/2012
(*) Notice: Subject to any disclaimer, the term of this . .
patent is extended or adjusted under 35 cited by examiner
US.C. 154(b) by 49 days. Primary Examiner — Melanie Y Brown
This patent is subject to a terminal dis- Assistant Examiner — Rebecca Martinez
claimer. (74) Attorney, Agent, or Firm — Slater & Matsil, L.L.P.
(21) Appl. No.: 13/946,782 57 ABSTRACT
- The present disclosure provides a biological field effect tran-
(22) Filed: Jul. 19, 2013 sistor (BioFET) and a method of fabricating a BioFET device.
. .. The method includes forming a BioFET using one or more
(65) Prior Publication Data process steps compatible with or typical to a complementary
US 2014/0308752 Al Oct. 16, 2014 metal-oxide-semiconductor (CMOS) process. The BioFET
device includes a plurality of microwells having a bio-sensing
Related U.S. Application Data layer and a number of stacked well portions over a multi-layer
interconnect (MLI). A bottom surface area of a well portion is
(60) Provisional application No. 61/810,658, filed on Apr. different from a top surface area of a well portion directly
10, 2013. below. The microwells are formed by removing a top metal
plate on a topmost level of the MLI.
(51) Imt.ClL
GOIN 27/414 (2006.01) 20 Claims, 12 Drawing Sheets
‘8/00
60\1‘ 401 603
401~ | |~ 401
419~ L~ 421
405 801A 421N 419
™~ \ ( ™~ 411
419~L 1419
4217 [-421
421-F

co co ] o)
417 415 421 417 419 415 421 417 419 415 421



U.S. Patent Jan. 5,2016 Sheet 1 of 12 US 9,228,974 B2

123~

121 —

113
129 —

125
125~

125 115117 119
126 117 119

115— /
V.|

N 119

—115

— 111




U.S. Patent Jan. 5,2016 Sheet 2 of 12 US 9,228,974 B2

N
300
FORM A PLURALITY OF FETs
202~ ON A SEMICONDUCTOR
SUBSTRATE
I RECEIVE A BioFET DEVICE HAVING
A PLURALITY OF MICROWELLS
204~ Fc(m\/l é&‘;ﬁ ERQLASFT HAVING A TOP WELL PORTION AND
A BOTTOM WELL PORTION,
THE PLURALITY OF FETs WHEREIN A BOTTOM SURFACE
! 302~ | AREA OF THE TOP WELL PORTION
IS DIFFERENT FROM A TOP
205~ Tﬁﬁé‘é@éﬁﬂl‘é&ﬁﬁﬁ SURFACE AREA OF THE BOTTOM
OVER THE FET WELL PORTION, A MULTI-LAYER
INTERCONNECT (MLI) CONNECTING
¥ ABOTTOM OF EACH OF THE
206~ FORM A PASSIVATION PLURALITY OF MICROWELLS TO
LAYER OVER THE MLI ONE OR MORE TRANSISTOR GATES
! Y
ETCH MICROWELLS IN THE 304 \I'_ TREAT A SURFACE OF THE -:
208~ PASSIVATION LAYER TO L _PLURALITY OF MICROWELLS |
EXPOSEASUBSETOFTHE | ~  ——————— T
TOP METAL PLATES 306 ~_ LOAD A TEST SAMPLE
) IN THE BioFET DEVICE
REMOVE THE EXPOSED PR
210-"|  TOP METAL PLATES ] _i
T FLOW A REAGENT IN THE |
DEPOSIT BIO-SENSING 308 -] PLL?I:):EWE\;IK;AIIECL%TWHEELS |
LAYER IN THE MICROWELLS |
2121  AND OVERAFIELD ! '
BETWEEN MICROWELLS MEASURE A CHANGE IN A :
T y TRANSISTOR CURRENT |
GoEmeTE | 07| cpeenieosew |
214--| FIELD PORTION OF THE |
BIO-SENSING LAYER ! |
1 312 ANALYZE THE MEASUREMENT I
:_ FORM OPENINGS TO _: Fm— o ' . |
| EXPOSE A SECOND SUBSET | FLUSH THE BioFET DEVICETO | |
216 I_OF THE TOP METAL PLATES_I 314 A REMOVE THE REAGENT |
el i L _ _REMOVE THE REAGENT J
] - - ~-~——" _
M TREAT THE BIO-SENSING | FIG. 3

218 /II_ LAYER SURFACE |



US 9,228,974 B2

Sheet 3 of 12

Jan. 5, 2016

U.S. Patent

ley Gly 6Ly LLy \ley Gly 6Ly LLy icy GIy LIy

6l¥ ]
234N
6LY~
YA Rd

le¥ 6l¥

€LY

> €0P




US 9,228,974 B2

Sheet 4 of 12

Jan. 5§, 2016

U.S. Patent

10§ 505
N /

60S
/

FAZN

A
P~
6y~
Yadd

LOY -]

Yl 244

Yl X144

144
™-G0Y

~~-6l¥
- L0Y

1504



US 9,228,974 B2

Sheet 5 of 12

Jan. 5§, 2016

U.S. Patent

109
N

608
/

levy Sy Ly

6L¥

6lY~

009




US 9,228,974 B2

Sheet 6 of 12

Jan. 5§, 2016

U.S. Patent

20§
N

605
/

608
/ .

lev Gly 6L¥ Lly

el
Lt il
Il

\Zy Siy 6Lv Ll
(_( [ /

lev GLy Llv _

\

|
| ([ / |
_




US 9,228,974 B2

Sheet 7 of 12

Jan. 5§, 2016

U.S. Patent

va m_‘v 6Ly LIV

[

/

FN¢ m_‘v m; N:u

EV m:“ Ly
/

T474aN

7

[~ N

Z

\

Yl X414

/‘Sﬂ§

6l¥
AN AN
67~
Yaad

LOY -]

2\

7 )

G09

4108

€09

109

008

N

L

v

S

v V108

109

™

Yl 144

-6l
titi%

6Ly

N

- 10%

8 "DId



US 9,228,974 B2

Sheet 8 of 12

Jan. 5§, 2016

U.S. Patent

lev Gy 6LY Lly

bev GLv 6LV LIV

608
» / -

\lev Gy LLv _

006




U.S. Patent Jan. 5,2016 Sheet 9 of 12 US 9,228,974 B2

1005 1005 1005

FIG. 10A

1005 1005 1005

FIG. 10B



U.S. Patent Jan. 5,2016 Sheet 10 of 12 US 9,228,974 B2

1013

4 N
1005 1005 FIG. 10C 1005

FIG. 10D



U.S. Patent Jan. 5,2016 Sheet 11 of 12 US 9,228,974 B2
1105 1105 1105
110l‘A 1 y1 B
1107
1103A 1103B
\ = s A\v !
N

/

': ::t_\‘ :‘ N\

Seie)

1105
1M111A

FIG. 11A

1105 1105

I
[
I T

>,

: ,:t_\‘ :\‘\

RISN

FIG. 11B



U.S. Patent Jan. 5,2016 Sheet 12 of 12 US 9,228,974 B2

1113

1111A 1111B

§‘ V.4 yd J / / A
/ / N
1105 1105 FIG. 11C 1105

FIG. 11D



US 9,228,974 B2

1
BIOSENSING WELL ARRAY BY
SELF-ALIGNMENT AND SELECTIVE
ETCHING

This application claims priority to U.S. Provisional Appli-
cation Ser. No. 61/810,658, filed on Apr. 10, 2013, entitled
“Biosensing Well Array by Self-Alignment and Selective
Etching,” which application is hereby incorporated herein by
reference.

FIELD

This disclosure relates to biosensors and methods for form-
ing biosensors. Particularly, this disclosure relates to biologi-
cal field-effect-transistors (bioFETs) and methods for form-
ing them.

BACKGROUND

Biosensors are devices for sensing and detecting biomol-
ecules and operate on the basis of electronic, electrochemical,
optical, and mechanical detection principles. Biosensors that
include transistors are sensors that electrically sense charges,
photons, and mechanical properties of bio-entities or biomol-
ecules. The detection can be performed by detecting the bio-
entities or biomolecules themselves, or through interaction
and reaction between specified reactants and bio-entities/
biomolecules. Such biosensors can be manufactured using
semiconductor processes, can quickly convert electric sig-
nals, and can be easily applied to integrated circuits (ICs) and
microelectromechanical systems (MEMS).

Biochips are essentially miniaturized laboratories that can
perform hundreds or thousands of simultaneous biochemical
reactions. Biochips can detect particular biomolecules, mea-
sure their properties, process the signal, and may even ana-
lyze the data directly. Biochips enable researchers to quickly
screen large numbers of biological analytes in small quanti-
ties for a variety of purposes, from disease diagnosis to detec-
tion of bioterrorism agents. Advanced biochips use a number
of biosensors along with microfluidics to integrate reaction,
sensing and sample management. BioFETs (biological field-
effect transistors, or bio-organic field-effect transistors) are a
type of biosensor that includes a transistor for electrically
sensing biomolecules or bio-entities. While BioFETs are
advantageous in many respects, challenges in their fabrica-
tion and/or operation arise, for example, due to compatibility
issues between the semiconductor fabrication processes, the
biological applications, restrictions and/or limits on the semi-
conductor fabrication processes, sensitivity and resolution of
the electrical signals and biological applications, and/or other
challenges arising from implementing a large scale integra-
tion (LSI) process.

BRIEF DESCRIPTION OF THE DRAWINGS

Aspects of the present disclosure are best understood from
the following detailed description when read with the accom-
panying figures. It is emphasized that, in accordance with the
standard practice in the industry, various features are not
drawn to scale. In fact, the dimensions of the various features
may be arbitrarily increased or reduced for clarity of discus-
sion.

FIG. 1 is a cross-sectional view of a BioFET according to
one or more embodiments in accordance with the present
disclosure.
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FIG. 2 is a flow chart of an embodiment of a method of
fabricating a BioFET device according to one or more aspects
of the present disclosure.

FIG. 3 is a flow chart of an embodiment of a method of
using a BioFET device according to one or more aspects of
the present disclosure.

FIGS. 4 to 9 are cross-sectional views of a BioFET device
at various intermediate stages of formation according to one
or more aspects of the present disclosure.

FIGS. 10A-10D are cross-sectional views of a BioFET
device having aligned microwells at various intermediate
stages of formation according to one or more aspects of the
present disclosure.

FIGS. 11A-11D are cross-sectional views of a BioFET
device having misaligned microwells at various intermediate
stages of formation according to one or more aspects of the
present disclosure.

DETAILED DESCRIPTION

Itis to be understood that the following disclosure provides
many different embodiments, or examples, for implementing
different features of the invention. Specific examples of com-
ponents and arrangements are described below to simplify the
present disclosure. These are, of course, merely examples and
are not intended to be limiting. Moreover, the formation of a
first feature over or on a second feature in the description that
follows may include embodiments in which the first and
second features are formed in direct contact, and may also
include embodiments in which additional features may be
formed interposing the first and second features, such that the
first and second features may not be in direct contact. Further
still, references to relative terms such as “top”, “front”, “bot-
tom”, and “back” are used to provide a relative relationship
between elements and are not intended to imply any absolute
direction. Various features may be arbitrarily drawn in difter-
ent scales for simplicity and clarity.

In a biological field-effect transistor (BioFET), the gate of
a metal-oxide-semiconductor field-effect transistor (MOS-
FET), which controls the conductance of the semiconductor
between its source and drain contacts, includes a bio- or
biochemical-compatible layer or a biofunctionalized layer of
immobilized probe molecules that act as surface receptors.
Essentially, a BioFET is a field-effect biosensor with a semi-
conductor transducer. An advantage of BioFETs is the label-
free operation. Specifically, using BioFETs can avoid costly
and time-consuming labeling operations such as the labeling
of an analyte with, for instance, fluorescent or radioactive
probes.

Binding of a target biomolecule or bio-entity to the gate or
a receptor molecule immobilized on the gate of the BioFET
modulates the conductance of the BioFET. When the target
biomolecule or bio-entity is bonded to the gate or the immo-
bilized receptor connected to the gate, the drain current of the
BioFET is varied by the gate potential, which depends on the
type and amount of target bound. This change in the drain
current can be measured and used to determine the type and
amount of the bonding between the receptor and the target
biomolecule or the biomolecule itself. In some embodiments
of different circuit design, the device could work in linear or
saturation region of the IV curve for biosensing. A variety of
receptors may be used to functionalize the gate of the BioFET
such as ions, enzymes, antibodies, ligands, receptors, pep-
tides, oligonucleotides, cells of organs, organisms and pieces
of tissue. For instance, to detect ssDNA (single-stranded
deoxyribonucleic acid), the gate of the BioFET may be func-
tionalized with immobilized complementary ssDNA strands.
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Also, to detect various proteins such as tumor markers, the
gate of the BioFET may be functionalized with monoclonal
antibodies.

One example of a biosensor has a sensing surface as a top
of a metal plate connected to the gate of the BioFET. The
metal plate and the sensing surface is a floating gate for the
BioFET. The floating gate is connected to the gate structure of
the BioFET through a stack of metal interconnect lines and
vias (or multi-layer interconnect, MLI). In such a BioFET, the
potential-modulating reaction takes place at an outer surface
of the metal plate or a dielectric surface formed on top of the
metal plate. The top metal layer includes a number of metal
plates each connected to a different transistor. A microwell is
formed over the top metal layer for each BioFET. The
microwells are isolated from each other and each includes a
bio-sensing layer on which the reactions take place. The
various microwells are connected by microfluidic channels.
Reagents are flowed through the microfluidic channels to
each bio-sensing layer in the microwells. The reagents
include test samples that may directly bind to the bio-sensing
layer or indirectly through a carrier. An example of a carrier is
a bead having the test samples bound thereon. In one
example, the binding reaction changes a local ion concentra-
tion (pH) in a microwell that causes a change in the internal
charge of the bio-sensing layer. The charge of the bio-sensing
layer is transmitted to the transistor gate through the various
metal layers as a voltage signal. The change in gate voltage
changes the amount of current flowing between the source
and drain of the BioFET. By detecting the current, the change
in pH in the microwell is measured. Size of the microwells is
directly related to the signal intensity. Larger microwells
allow a larger bio-sensing layer/more bio-entities that can
include more binding sites to create a stronger signal. How-
ever, if the top metal plate is exposed to the analyte, the top
metal electrode may corrode and render the BioFET defec-
tive. To ensure that the top metal plate is not exposed to the
analyte, a bottom of the microwell is sized to be smaller than
the top surface of the top metal plate within alignment toler-
ances. In other words, the bottom of the microwell is suffi-
ciently small such that even with misalignment, the microwell
would still be situated over the metal plate. Further, adequate
spacing must be maintained between adjacent top metal
plates to isolate the microwells from each other as well as
following the design rules for the top metal electrodes.

An increase in biochip capacity is desirable to allow more
simultaneous reactions and more accurate measurements.
Higher biochip capacity involves building more transistors
and a higher number of corresponding microwells. Having
more microwells reduces the area of each microwell, as only
a finite space is available on the biochip. When the size of the
microwells decreases, the area of the bio-sensing layer also
decreases, which decreases signal intensity and increases sig-
nal-to-noise ratio (SNR).

One way to minimize the decrease in signal intensity
involves preserving the bio-sensing layer area as the number
of'microwells increase. In some examples, microwells having
bottoms larger than the top metal plate are used. The larger
microwell bottom increases the bio-sensing layer area. While
the microwells are larger, a gap between the top metal plate
and the passivation wall may be created that are filled by the
bio-sensing layer. A misalignment between the microwell and
the top metal plate can create a crack corrosion site and render
the transistor defective. With metal bio-sensing layers, the
likelihood that the bio-sensing layer bridges to the top metal
of an adjacent microwell increases when there is a misalign-
ment. Therefore, having microwells with bottoms larger than
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the top metal makes misalignment window very small for the
microwell and top metal electrode.

Other examples to increase the bio-sensing layer area
involves adding a smaller metal plug over the top metal elec-
trode and a sensing plate over the smaller metal plug. The
sensing plates may be placed closer than the top metal plates
and thereby increase the area of the microwells. Having a
sensing plate over the smaller metal plug reduces the likeli-
hood of bridging signals between adjacent microwells. How-
ever, adding a smaller metal plug and a sensing plate having
different dimensions adds two additional layers with two
photomask patterns that increase the manufacturing cost sig-
nificantly.

The present disclosure pertains to a method and structure
for forming microwells that is larger as compared to the
microwells over the top metal plates without misalignment
issues. The microwells may be the same or smaller than the
microwells having a bottom larger than the metal plates, but
without increasing the likelihood of bridging signals and with
only one additional photomask. According to various
embodiments, the top metal electrode is removed in a selec-
tive etching process before the bio-sensing layer is deposited.
The selective etching process creates self-aligned microwells
without affecting the alignment tolerance window. A bio-
sensing layer is deposited in the microwells and over the field.
At least the field portion of the bio-sensing layer is removed
in an etch process while a photomask protects the portions of
the bio-sensing layer within the microwells. The removal of
the field portion of the bio-sensing layer isolates the microw-
ells from each other.

FIG.1 is a cross-sectional view of a BioFET 100 according
to one or more embodiments in accordance with the present
disclosure. The BioFET 100 includes a substrate 103 on and
in which a transistor is formed. The source and drain regions
105 are formed in the substrate 103. A gate stack including
gate dielectric 107 and gate electrode 109 is formed on the
substrate 103. As shown in FIG. 1, the transistor in BioFET
100 is a planar transistor; however, other types of transistors
may be used, including a multi-gate transistor or a FinFET.
The BioFET 100 also includes a gate contact 111 over the gate
electrode 109. Contacts to the source and the drain (not
shown) are also included. A number of metal interconnect
layers 113 interpose between the gate contact 111 and a
microwell 101. Each metal interconnect layer 113 includes a
metal line 115 and metal via 117 within a layer of intermetal
dielectric 119. Three metal interconnect layers 113 are
shown, but fewer or more may be used.

The microwell 101 is an opening in the passivation layer
125 and includes a top portion 101A and a bottom portion
101B. Sidewalls of the microwell 101 have at least one step,
shelf, or corner between the top and bottom portions 101A
and 101B. In other words, a bottom surface area of the top
portion is different from a top surface area of the bottom
portion. For the microwell 101, the bottom surface area of the
top portion 101A is larger than a top surface area of the
bottom portion 101B. The bottom surface area of the bottom
portion may be the same or larger than the bottom surface area
of the top portion.

The microwell 101 includes a bio-sensing layer 121 on the
bottom and at least a portion of the sidewalls. Having bio-
sensing layer 121 on the sidewalls increases the surface area
of the bio-sensing layer 121. According to various embodi-
ments, the sidewalls may not be fully covered by the bio-
sensing layer 121. The bio-sensing layer 121 may be a metal,
dielectric, or a polymer. Examples include titanium nitride,
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high-k dielectric such as aluminum oxide, lanthanum oxide,
hafnium oxide, and tantalum oxide, self-assembled mono-
layer, or hydrogel.

The microwell 101 may include one or more layers under
the bio-sensing layer 121 at the bottom of the microwell. The
one or more layers may be an adhesion layer, an etch stop
layer, or an anti-reflection coating. Examples of an adhesion
layer or an etch stop layer include titanium nitride, titanium,
titanium tungsten or germanium. The anti-reflection coating
may be silicon oxynitride or other commonly used dielectric.
There is no anti-reflection coating where the metal via 117
contacts the bottom of the microwell 101.

A BioFET device includes a number of BioFETs 100 with
microwells 101 that are in fluidic communication with each
other. Each microwell 101 is associated with gates of one or
more transistors. When a microwell 101 is connected to the
gates of more than one transistor, a higher frequency sam-
pling may be performed to increase the accuracy of the mea-
surement. The microwells are connected by microfluidic
channels forming an array of bioFETs 100. The microfluidic
channels allow analyte 123 to flow from an inlet of the
BioFET device to an outlet of the BioFET device. The microf-
luidic channels may be above the microwells 101 as shown in
FIG. 1 orbe ata same level as the microwells 101. The analyte
123 includes test samples and a carrier medium. In some
embodiments, the test samples include functionalized beads
127 on which specific biomolecules 129 from the test samples
would bind. The functionalized beads are sized such that only
a particular numbers of them would fit in a microwell. For
example, the functionalized beads 127 may be slightly
smaller than a microwell such that only one bead 127 can fit
in a microwell. The biomolecules 129 on the functionalized
bead 127 would change the fluidic in the microwell 101 in a
way that is detectible by the transistor. In other embodiments,
the test sample includes biomolecules 129 that would bind to
receptors (not shown) labeled on the bio-sensing layer 121
without using carrier beads. For example, single stranded
deoxyribonucleic acid (ssDNA) is bound on the sensing layer
and amplified with PCR (polymarse chain reaction) to dupli-
cate the same DNA to increase sites. Then, reagent is flowed
through the microwells for DNA sequencing. Other examples
include protein labeling and anti-body/anti-gen reactions.

FIG. 2 is a method 200 of fabricating a BioFET device
according to one or more aspects of the present disclosure.
The method 200 begins at operation 202 where a plurality of
field-effect transistors (FETs) are formed on a semiconductor
substrate. The semiconductor substrate may be a silicon sub-
strate. Alternatively, the substrate may include another
elementary semiconductor, such as germanium; a compound
semiconductor including silicon carbide, gallium arsenic,
gallium phosphide, indium phosphide, indium arsenide, and/
or indium antimonide; an alloy semiconductor including
SiGe, GaAsP, AlinAs, AlGaAs, GalnAs, GalnP, and/or Galn-
AsP; or combinations thereof. In an embodiment, the sub-
strate is a semiconductor on insulator (SOI) substrate. The
SOI substrate may include a buried oxide (BOX) layer formed
by a process such as separation by implanted oxygen (SI-
MOX), and/or other suitable processes. The substrate may
include doped regions, such as p-wells and n-wells. In the
present disclosure, a wafer is a semiconductor substrate and
various features formed in and over the semiconductor sub-
strate. The wafer may be in various stages of fabrication and
is processed using the CMOS process.

In operation 204, a gate contact is formed on a gate in each
of'the FETs. The gate contacts are formed in typical CMOS
processing. Contacts are also formed over and physically
connecting to the source/drain regions. In operation 206 a
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multi-layer interconnect (MLI) is formed over the FETs. The
MLI structure may include conductive lines, conductive vias,
and/or interposing dielectric layers (e.g., interlayer dielectric
(ILD)). The ML structure provides electrical connection to
the transistor. The conductive lines in various levels may
comprise copper, aluminum, tungsten, tantalum, titanium,
nickel, cobalt, metal silicide, metal nitride, poly silicon, com-
binations thereof, and/or other materials possibly including
one or more layers or linings. The linings include adhesion
layer, barrier layer, etch stop layer, and anti-reflective coat-
ings. The interposing or inter-layer dielectric layers (e.g., ILD
layer(s)) may comprise silicon dioxide, fluorinated silicon
glass (FSG), SILK (a product of Dow Chemical of Michigan),
BLACK DIAMOND™ (a product of Applied Materials of
Santa Clara, California), and/or other insulating materials.
The MLI may be formed by suitable processes typical in
CMOS fabrication suchas CVD, PVD, ALD, plating, spin-on
coating, and/or other processes.

The number of metal layers in the MLI depends on routing
needs for the FETs. For simple BioFET devices where little or
no analysis and processing are performed on the device, fewer
metal layers are used, for example, 3 metal layers. In some
embodiments, the BioFET devices process or analyze the
measurements, more metal layers are used, for example, four,
five, or eight metal layers. The use of more metal layers
allows more transistors to be used on the device that can
perform complex logic operations with or without additional
external input. Further, the results from the BioFETs can be
used as input that triggers further device operations. In one
example, the further device operation may flow the contents
of a microwell toward a more sensitive BioFET or a BioFET
where a chemical reaction would break up some of the bio-
logical content. With additional processing power, a lab-on-
a-chip type of device is formed where the output from the
device includes results of the analysis instead of only raw
data. For example, the device may determine whether a blood
sample contains cancer cells, quantify the cancer cells, and
output a cancer type. In another example, the device may
determine a genetic sequence.

A topmost layer of the MLI is the top metal layer that
includes a number of metal plates. The metal plates may
include aluminum, copper, or tungsten. Some metal plates are
each individually connected to the gate contact of a BioFET.
Other metal plates are used for signal transmission, such as
bonding pads for bonding wires or bumps.

In operation 206, a passivation layer is formed over the
MLI. The passivation layer is deposited over the top metal
layer. The passivation layer is a dielectric material deposited
using CVD processes and may be silicon oxide, silicon
nitride, or other commonly used passivation material. FIG. 4
is a cross-sectional view of a portion of partially fabricated
BioFET device 400 after operation 206 of FIG. 2. The
BioFET device 400 includes a passivation layer 401 over a top
metal layer 403 having metal plates 405, 407, 409, and 411
and an underlying metal layer 413 having conductive vias
(metal vias) 415 and conductive lines 417. The metal plates
405, 407, 409, and 411 include one or more liners. Liner 419
may be an adhesion layer or an etch stop layer formed of a
conductive material, for example, titanium or titanium
nitride. Liner 421 may be a dielectric material that is at least
partially removed between metal features to allow signal
conduction. Liner 421 may be an anti-reflection coating, for
example, silicon oxynitride.

Referring back to FIG. 2, in operation 208 microwells are
etched in the passivation layer to expose some top metal
plates. A layer of photoresist is patterned to a width that about
the same as a top width of the metal plate or larger than the top
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width of the metal plate. Using the patterned photoresist as an
etch mask, openings are etched in the passivation layer to
expose some metal plates. The exposed metal plates are those
connected to the BioFETs. The etch process may be a wet etch
or a dry etch. FIG. 5 is a cross-sectional view of a portion of
partially fabricated BioFET device 500 after operation 208.
Openings 501 and 503 are etched in the passivation layer 401
to expose metal plates 407 and 409, respectively. The BioFET
device 500 is separated into different regions 505, 507, and
509 to show different processing scenarios. Region 505
includes an opening 501 that is aligned with the metal plate
407. Liner material on the top metal plate is removed during
the etch process. Some passivation material 401 from the top
metal layer 403 adjacent to the metal plate 407 may also be
removed during the etch process. Region 507 includes an
opening 503 that is not perfectly aligned with the metal plate
409. As result, the opening exposes sidewall of the metal plate
409 only on one side. Additional passivation material 401 is
also removed from one side of the metal plate 409. However,
the dimensions of the opening is such that such misalignment
does not cause the opening to expose adjacent metal plate
411. The metal plate 405 in region 509 is not exposed by an
opening.

Referring back to FIG. 2, in operation 210 the exposed top
metal plates are removed. A selective metal etching process is
used to preferentially remove the top metal plate material over
the surrounding passivation layer 401. The liner 421 under the
exposed metal plate acts as an etch stop layer and is not
substantially removed. Because only the exposed top metal
plate is removed, the process forms self-aligned microwells
with definite borders. In some embodiments, the selective
metal etching process is a wet etch. The etchant may be an
acid that selectively etches the material of the top metal plate
over the material of the underlying etch stop layer. The
etchant may be M2 acid (a mixture of phosphoric acid, nitric
acid, and acetic acid), dilute hydrofluoric acid, hydrochloric
acid or another acid having a desired etch selectivity. In other
embodiments, the selective metal etch process is a dry etch
using reactive ions to remove the top metal plate. The dry etch
may use a chlorine based or a fluorine based etchant in a
plasma process. The dry etch process may include a soft
landing etch that ensures that the underlying material is not
removed unnecessarily. In some embodiments, the soft land-
ing etch is performed using little or no bias power and low
energy plasma or no plasma and stops when an etch stop
condition is detected. Process conditions during the etch is
monitored and when a parameter changes corresponding to
an etched material property change, for example, detecting
the presence of liner material. When used with a slow etch
process, the end point detection can stop the etch accurately
and minimized plasma-induced damage to the liner.

FIG. 6 is a cross-sectional view of a portion of BioFET
device 600 after operation 210. In region 505, the selective
metal etch forms a microwell 601 having the conductive liner
421 at the bottom and sidewalls that have substantially equal
profiles. In region 507, the selective metal etch forms a
microwell 603 having the conductive liner 421 at the bottom
and sidewalls that have different profiles. Where the misalign-
ment of the opening from operation 208 is offset into the
passivation 401, the sidewall 605 has a step, corner, or shelf
An opposing sidewall 607 has a profile that is the same as the
sidewall of the removed top metal plate. Microwells 601 and
603 are deeper than microwells formed over the top metal
plate by having an additional depth equal to the thickness of
the top metal plate. As result the surface area inside the
microwells 601 and 603 for a bio-sensing layer is greater.
Further, removing the top metal plates avoids the crack cor-
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rosion issues and signal bridging issues as discussed. The
microwell formation of operations 208 and 210 is less sensi-
tive to misalignment.

Referring back to FIG. 2, in operation 212 a bio-sensing
layer is deposited in the microwells and over a field between
the microwells. The bio-sensing layer is deposited using spin-
on coating, CVD or PVD processes having good coverage for
the sidewalls of the microwells. In some embodiments, an
atomic layer deposition (ALD) process is used to conformally
coat the bottom and sidewalls of the microwells and the field
between the microwells. The deposition process is selected so
that even entrenched sidewall profiles can be conformally
coated. The bio-sensing layer may be titanium nitride, tung-
sten, a high-k dielectric such as aluminum oxide, lanthanum
oxide, hafnium oxide, and tantalum oxide, self-assembled
monolayer, or hydrogel. The bio-sensing layer is deposited to
a sufficient thickness so that electrical signals representing
conditions of the analyte in the microwells can be transmitted
to the gate below. The bio-sensing layer may bind directly to
biomolecules in the test sample or indirectly through a surface
treatment or a bioreceptors. FIG. 7 is a cross-sectional view of
a portion of BioFET device 700 after operation 212. A bio-
sensing layer 701 is deposited over the wafer and in the
microwells 601 and 603. Depending on the deposition pro-
cess, the bio-sensing layer may not have uniform thickness in
the field portion between microwells and the sidewalls in the
microwells. Complete sidewall coverage ensures that more
binding sites are available on the bio-sensing layer for the
biomolecules.

Referring back to FIG. 2, in operation 214 at least the field
portion of the bio-sensing layer is removed. Removing the
field portion of the bio-sensing layer isolates the bio-sensing
layer for different BioFETs from each other and prevents
signal cross talk. Operation 214 includes a number of steps. A
photoresist layer is deposited on the wafer and planarized.
The photoresist is then patterned to form openings to expose
bio-sensing layer on field areas between the microwells.
Exposed bio-sensing layer is removed from field areas
depending on the material. For certain metal bio-sensing lay-
ers, for example, titanium nitride, a selective metal etch is
performed to remove the bio-sensing layer on the field areas.
For other bio-sensing layers, for example, tungsten or hydro-
gel, a chemical mechanical polishing (CMP) process is used.
Any remaining photoresist in the microwells is removed by
ashing. In some embodiments, the photoresist for operation
214 has an opposite exposure from the photoresist for opera-
tion 208. Using the opposite exposure photoresist allows the
same photomask to be used for both operations.

FIG. 8 is a cross-sectional view of a portion of BioFET
device 800 after operation 214. Bio-sensing layers 801 A and
801B covers the sidewalls and bottoms of microwells 601 and
603 are isolated from each other. As shown, a small edge
portion of the bio-sensing layers 801 A and 801B are removed
from the lips of the microwells 601 and 603 by the selective
metal etching process. When the photoresist is etched back,
the corners of the microwells 601 and 603 are exposed, allow-
ing a wet etchant to remove the bio-sensing layer from upper
portions of the microwell sidewalls. In other embodiments,
the bio-sensing layers 801A and 801B completely covers the
sidewalls of the microwells 601 and 603. The photoresist may
completely cover the edges of the sidewalls during a dry etch
to remove the bio-sensing layer from the field areas. When a
CMP process is used to remove the bio-sensing layer from the
field areas, some bio-sensing layer from upper portions of the
microwell sidewalls may also be removed.

Referring back to FIG. 2, in optional operation 216, open-
ings are formed to expose a second subset of the top metal
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plates. The second subset of the top metal plates is the bond
pads used for externally connecting the BioFET device. In
some embodiments, wires are bonded to the bond pads to
transmit power and signal. In other embodiments, conductive
members such as bumps and pillars are used to externally
connect the BioFET device. The opening is formed by first
depositing and patterning a photoresist layer over the wafer
and etching through the pattern. FIG. 9 is a cross-sectional
view of a portion of BioFET device 900 after operation 216.
Opening 901 is formed in region 509 to expose top metal plate
405 as a bond pad. In some embodiments, the operations 214
and 216 may be partially combined to reduce the number of
processes. For example, photoresist material in the microw-
ells 601 and 603 may be ashed with the photoresist material
from operation 216.

Referring back to FIG. 2, in optional operation 218, the
bio-sensing layer surface may be treated. The treatment may
include depositing a chemical to render the surface hydro-
philic or hydrophobic. In some cases, the treatment may
modify the surface to have certain conductance or magnetic
properties. The treatment may also include labeling, or func-
tionalizing, the bio-sensing layer with certain chemicals or
biomolecules as receptors. The receptors may be enzyme,
antibody, ligand, peptide, nucleotide, cell of an organ, organ-
ism or piece of tissue is provided or bound on the bio-sensing
layer for detection of a target biomolecule. For instance, to
detect ssDNA (single-stranded deoxyribonucleic acid), the
sensing film may be functionalized with immobilized
complementary ssDNA strands. Also, to detect various pro-
teins such as tumor markers, the sensing film may be func-
tionalized with monoclonal antibodies. The receptors may be
apart of self-assembled monolayer (SAM) of molecules. The
SAM may have head groups of silane groups, silyl groups,
silanol groups, phosphonate groups, amine groups, thiol
groups, alkyl groups, alkene groups, alkyne groups, azido
groups, or expoxy groups. The receptors are attached to the
head groups of SAM.

In some embodiments, BioFET device includes a microf-
luidic structure over the microwells. The microfluidic struc-
tures may include micropumps and valves and magnetic
material or ferromagnetic material for magnetophoresis, met-
als for electrophoresis, electro wetting on dielectric (EWOD)
or particular dielectric material for dielectrophoresis. The
microfiuidic structure may also electrically connect to the
various bond pads adjacent to the microwells. The microfiu-
idic structure has a bottom that seals the field area between
adjacent microwells and provides channels for flowing
reagents and test samples. The microfluidic structure may be
transparent or partially transparent to allow observation of the
reactions. In other embodiments, the microwells on the
BioFET device is accessed from the top without a cover.
Microfiuidic channels may be formed directly in the passiva-
tion layer.

FIGS. 10A-10D are cross-sectional views of a portion of
BioFET device having aligned microwells at various inter-
mediate stages of formation according to one or more aspects
of'the present disclosure. The left portions of FIGS. 10A-10D
represent a scenario where a bottom surface area of a top
portion of the microwell is smaller than a top surface of a
bottom portion of the microwell. In other words, the microw-
ell etching operation 208 of FIG. 2 is performed with a pattern
that is smaller than the top plate width. The right portions of
FIGS. 10A-10D represent a scenario where a bottom surface
area of a top portion of the microwell is larger than a top
surface of a bottom portion of the microwell. In other words,
the microwell etching operation 208 of FIG. 2 is performed
with a pattern that is larger than the top plate width. FIG. 10A
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is the cross section after operation 208. The bottom surface of
the opening 1001 A is exposed portions of the top metal plate
1003 A. The bottom surface of the opening 1001B includes
not only exposed portion of the top metal plate 1003B, but
also a portion of the sidewalls of the top metal plate 1003B
and passivation layer 1005 adjacent to the top metal plate
1003B. The bottom surface of the opening 1001B includes a
shelf 1007.

FIG. 10B is the cross section after operation 210 of FIG. 2
where the top metal plates are removed. A retrenched opening
1011 A is formed after removing the top metal plate 1003 A.
The shelf 1007 remains in the opening 1011B after the top
metal plate 1003B is removed. FIG. 10C is the cross section
after operation 212 of FIG. 2 after the bio-sensing layer is
deposited. The conformal bio-sensing layer 1013 covers the
microwell sidewalls including under the retrenched portions
in microwell 1011A. In microwell 1011B, the conformal
bio-sensing layer also forms a shelf profile as shown in dotted
line box 1015. FIG. 10D is the cross section after operation
214 of FIG. 2. The microwell 1021 includes two portions
1021A and 1021B. The top portion 1021A has a bottom
surface area that is smaller than a top surface area than the
bottom portion 1021B. The microwell 1023 includes two
portions 1023A and 1023B. The top portion 1021A has a
bottom surface area that is larger than a top surface area than
the bottom portion 1021B.

FIGS. 11A-11D are cross-sectional views of a portion of
BioFET device having misaligned microwells at various
intermediate stages of formation according to one or more
aspects of the present disclosure. The left portions of FIGS.
11A-11D represent a scenario where a bottom surface area of
atop portion of the microwell is smaller than a top surface of
a bottom portion of the microwell. In other words, the
microwell etching operation 208 of FIG. 2 is performed with
a pattern that is smaller than the top plate width. The right
portions of FIGS. 11A-11D represent a scenario where a
bottom surface area of a top portion of the microwell is larger
than a top surface of a bottom portion of the microwell. In
other words, the microwell etching operation 208 of FIG. 2 is
performed with a pattern that is larger than the top plate width.
The bottom surface of the opening 1101A is exposed portions
of the top metal plate 1103 A and a portion of the sidewall of
the top metal plate 1103 A. The bottom surface of the opening
1101B includes not only exposed portion of the top metal
plate 1103B, but also a portion of the sidewalls of the top
metal plate 1103B and passivation layer 1105 adjacent to the
top metal plate 1103B. The bottom surface of the opening
1101B includes a shelf 1107.

FIG. 11B is the cross section after operation 210 of FIG. 2
where the top metal plates are removed. A retrenched opening
1111A on one side is formed after removing the top metal
plate 1103A. The shelf 1107 remains in the opening 1111B
after the top metal plate 1103B is removed. The profiles of
sidewalls in opposite sides of openings 1111A and 111 1B are
different. FIG. 11C is the cross section after operation 212 of
FIG. 2 after the bio-sensing layer is deposited. The conformal
bio-sensing layer 1113 covers the microwell sidewalls
including under the retrenched portions in microwell 1111A.
In microwell 1111B, the conformal bio-sensing layer also
forms a shelf profile as shown in dotted line box 1115. FIG.
11D is the cross section after operation 214 of FIG. 2. The
microwell 1121 includes two portions 1121 A and 1121B. The
top portion 1121 A has a bottom surface area that is smaller
than a top surface area than the bottom portion 1121B. The
microwell 1123 includes two portions 1123 A and 1123B. The
top portion 1121 A has a bottom surface area that is larger than
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atop surface area than the bottom portion 1121B. As shown in
FIG. 11D, the top portion and bottom portion of a microwell
may be different sizes.

FIG. 3 is a flow chart of an embodiment of a method 300 of
using a BioFET device according to one or more aspects of
the present disclosure. In operation 302, a BioFET device is
received. The BioFET device is as described in various
embodiments of the present disclosure. The BioFET device
has a plurality of microwells having a top well portion and a
bottom well portion, wherein a bottom surface area of the top
well portion is different from a top surface area of the bottom
well portion. The BioFET device also includes a multi-layer
interconnect (MLI) connecting a bottom of each of the plu-
rality of microwells to one or more transistor gates. In
optional operation 304, a surface of the microwells is treated.
In some embodiments, the BioFET device is received with the
treatment already performed. In other embodiments, the
treatment is performed before after receipt of the BioFET
device. The treatment operation is similar to that described in
associate with operation 218 of FIG. 2.

In operation 306 of method 300, a test sample is loaded in
the BioFET device. The test sample may be in a carrier
medium. In some embodiments, the test sample is bound to a
carrier bead. In other embodiments, the test sample is sus-
pended in a fluidic medium. The loading operation flows the
test sample to various microwells where they are bound
directly or indirectly to the bio-sensing layer.

In operation 308, a reagent is flowed in the BioFET device
to the microwells. The reagent reacts with some or all of the
test samples in the microwells. The existence of reaction or
the extent of the reaction is recorded by measuring the current
through the source and drain of the BioFET in operation 310.
Several measurements of the current may be made at difterent
times. For example, a blank measurement may be made to
establish the baseline with deionized water. Another mea-
surement may be made after the test sample is loaded to
establish a second baseline. One or more measurements may
be made to record the change in current during the reagent
flow and residence in the BioFET device. In some embodi-
ments, FET devices operate in linear region for detection. In
some embodiments, FET device operate in saturation region
for detection.

In operation 312, the measurement is analyzed. The mea-
surement may be outputted by the BioFET device to a com-
puter or a processor to analyze the signals. In some embodi-
ments, an analog signal is first converted to a digital signal.
The data may be analyzed by a processor running a software
program or by a user. In some embodiments, the measure-
ment is analyzed on board the BioFET device.

The BioFET device may be a single use or a multiple use
device. In optional operation 314, the BioFET device is
flushed to remove the reagent from the microwells and opera-
tions 308 to 312 repeated with a second reagent. The test
sample remains in the BioFET device as different reagents are
cycled through. This process may be used to identify an
unknown substance. By recording reactions using different
reagents, the identity of an unknown substance may be nar-
rowed down. This process may be used to perform DNA
sequencing. For example, a test sample of strands of DNA
may be loaded into BioFET device. The strands may be
amplified in each microwell to form a colony. By sequentially
adding reagents containing different nucleobases and mea-
suring reactions in each microwell, the identity of the strand
in each microwell may be found.

In one aspect, the present disclosure pertains to a biological
field-effect transistor (BioFET) device that includes a sub-
strate and a number of BioFETs. The BioFET includes a
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microwell having a top well portion and a bottom well por-
tion, a number of metal layers under the microwell, and one or
more transistors having a gate of the one or more transistors
connected to the plurality of metal layers under the plurality
of' metal layers. A bottom surface area of the top well portion
is different from a top surface area of the bottom well portion.
Each of the plurality of metal layers includes a metal plate and
at least one metal via. A metal via in a topmost layer of the
plurality of metal layers is directly connected to the microw-
ell.

In another aspect, the present disclosure pertains to a
method of forming a BioFET device. The method includes
forming a plurality of FETs on a semiconductor substrate,
forming a gate contact on a gate in each of the plurality of
FETs, forming a multi-layer interconnect (MLI) over the
plurality of FETs, and forming a passivation layer over the
MLI. The MLIincludes a top metal layer having a plurality of
metal plates. The method also includes etching microwells in
the passivation layer to expose a subset of the plurality of top
metal plates, removing the exposed top metal plates, depos-
iting a bio-sensing layer in the microwells and over a field
between the microwells, and removing at least the field por-
tion of the bio-sensing layer.

In yet another aspect, the present disclosure pertains to a
method of sensing bio-reactions. The method includes receiv-
ing a BioFET device as disclosed in the present disclosure,
loading a test sample in the BioFET device, flowing a reagent
in the BioFET device to the plurality of microwells, measur-
ing a change in a transistor current corresponding to each of
the plurality of microwells, and analyzing the measurement.

In describing one or more of these embodiments, the
present disclosure may offer several advantages over prior art
devices. In the discussion of the advantages or benefits that
follows it should be noted that these benefits and/or results
may be present is some embodiments, but are not required in
every embodiment. Further, it is understood that different
embodiments disclosed herein offer different features and
advantages, and that various changes, substitutions and alter-
ations may be made without departing from the spirit and
scope of the present disclosure.

What is claimed is:
1. A method of making a biological field-effect transistor
(BioFET) device, comprising:

forming a plurality of field-effect transistors (FETs) on a
semiconductor substrate, wherein the plurality of FETs
each includes a gate structure formed on a first surface of
the semiconductor substrate and a channel region;

forming a gate contact on the gate structure in each of the
plurality of FETs;

forming a multi-layer interconnect (MLI) over the plurality
of FETs, wherein the MLI includes a top metal layer
having a plurality of top metal plates;

forming a passivation layer over the MLI;

etching microwells in the passivation layer to expose a
subset of the plurality of top metal plates;

removing the exposed top metal plates;

depositing a bio-sensing layer in the microwells and over a
field portion between the microwells; and

removing at least the field portion of the bio-sensing layer.

2. The method of claim 1, further comprising:

forming an opening over a second subset of the plurality of
top metal plates.

3. The method of claim 1, wherein the removing the

exposed top metal plates comprises:
selectively wet etching the exposed top metal plates.
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4. The method of claim 1, further comprising:

treating the bio-sensing layer surface.

5. The method of claim 1, wherein the removing at least the
field portion of the bio-sensing layer comprises:

depositing a photoresist layer;

planarizing the photoresist layer;

etching back the planarized photoresist layer;

etching exposed portions of the bio-sensing layer; and

removing a remaining portion of the photoresist layer in the

microwells.

6. The method of claim 5, wherein the etching exposed
portion of the bio-sensing layer comprises a chemical
mechanical polishing process or grinding process.

7. The method of claim 1, wherein the step of etching
microwells in the passivation layer to expose a subset of the
plurality of top metal plates includes exposing respective first
sidewalls of the plurality of top metal plates while leaving
unexposed respective second sidewalls of the plurality of top
metal plates.

8. The method of claim 2, further comprising forming
electrical connectors on respective ones of the second subset
of the plurality of top metal plates.

9. A method of making a biological field-effect transistor
(BioFET) device, comprising:

forming a transistor on a semiconductor substrate;

forming a multi-layer interconnect (MLI) over the transis-

tor, wherein the MLI includes at least one top metal plate
electrically connected to the transistor;

depositing a passivation layer over the MLI;

etching an opening in the passivation layer to expose the at

least one top metal plate;

removing the exposed at least one top metal plate to form a

microwell, the microwell having a top portion with a
shape of the opening and a bottom portion with a shape
of the at least one top metal plate; and

depositing a bio-sensing layer in the microwell.

10. The method of claim 9, wherein the step of depositing
a bio-sensing layer in the microwell comprises:

depositing the bio-sensing layer in the microwell and over

a top surface of the passivation layer; and

removing at least a portion of the bio-sensing layer on the

top surface of the passivation layer.

11. The method of claim 10, wherein the step of removing
at least a portion of the bio-sensing layer on the top surface of
the passivation layer includes removing a portion of the bio-
sensing layer from an upper region of the microwell.

12. The method of claim 9, wherein the step of etching an
opening in the passivation layer to expose the at least one top
metal plate exposes a first sidewall of the at least one top metal
plate while leaving unexposed a second sidewall of the at least
one top metal plate.
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13. The method of claim 9, further comprising:

depositing a photoresist layer over the deposited bio-sens-

ing layer;

planarizing the photoresist layer;

etching back the planarized photoresist layer;

etching exposed portions of the bio-sensing layer; and,

removing a remaining portion of the photoresist layer in the

microwells.

14. A method of making a biological field-effect transistor
(BioFET) device, comprising:

forming a first transistor and a second transistor on a sub-

strate;

forming a multi-layer interconnect (Mil) over the first and

the second transistors, wherein a top layer of the Mil
comprises a first top metal plate and a second top metal
plate, with the first top metal plate electrically coupled to
the first transistor, and the second top metal plate elec-
trically coupled to the second transistor;

depositing a dielectric layer over the Mil;

forming a top opening in the dielectric layer, the top open-

ing exposing the first top metal plate;

removing the first top metal plate to form a bottom opening

under the top opening, the top opening and the bottom
opening forming a well; and

depositing a bio-sensing layer in the well.

15. The method of claim 14, further comprising:

forming another top opening in the dielectric layer, the

another top opening exposing the second top metal
plate; and

making an electrical connection to the second top metal

plate.

16. The method of claim 15, further comprising covering
the well before forming the another top opening.

17. The method of claim 14, wherein the depositing the
bio-sensing layer comprises:

depositing the bio-sensing layer on a bottom and sidewalls

of the well.

18. The method of claim 14, wherein the first top metal
plate is electrically coupled to a first gate structure of the first
transistor, and the second top metal plate is electrically
coupled to a second gate structure of the second transistor.

19. The method of claim 14, wherein the step of forming a
top opening in the dielectric layer exposes a first sloped
sidewall of the first top metal plate and does not expose a
second sloped sidewall of the first top metal plate.

20. The method of claim 14, wherein the top opening has
first sidewalls and the bottom opening has second sidewalls,
the first sidewalls and the second sidewalls being continuous,
at least one second sidewall minoring a corresponding side-
wall of the first top metal plate.
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